Hypoxic pulmonary vasoconstriction disappears in a rabbit model of cavopulmonary shunt  by Ikai, Akio et al.
Hypoxic pulmonary vasoconstriction disappears in a rabbit
model of cavopulmonary shunt
Akio Ikai, MDa
Mikiyasu Shirai, MD, PhDb
Kazunobu Nishimura, MD, PhDa
Tadashi Ikeda, MD, PhDa
Takayuki Kameyama, MDa
Koji Ueyama, MDa
Masashi Komeda, MD, PhDa
Background: Cavopulmonary shunt is widely known as an interim staging procedure in
patients with single-ventricle physiology. However, the physiologic characteristics of
the pulmonary arterial system after cavopulmonary shunt are not clearly understood. In
this article, we developed a rabbit cavopulmonary shunt model and studied the mor-
phologic changes and physiologic characteristics (namely, hypoxic pulmonary vasocon-
striction) of pulmonary arteries after cavopulmonary shunt.
Methods: Male Japanese white rabbits aged 12 to 16 weeks were used for the study.
In 5 rabbits, the superior vena cava was anastomosed to the right pulmonary artery
in an end-to-side fashion, followed by a proximal side ligation of the right pulmo-
nary artery (cavopulmonary shunt group). In 4 rabbits, the superior vena cava and
the right pulmonary artery were dissected and clamped for 10 minutes without
making a cavopulmonary shunt (sham group). Two weeks after the operation, we
then measured the internal diameter of the acinar (internal diameter, 164  7 m),
the lobular (305  13 m), and the segmental (669  16 m) pulmonary arteries
in both controlled and hypoxic conditions by using a specially designed x-ray
television system. Also, morphometric measurements were made in the pulmonary
arteries around the terminal bronchioles.
Results: Two weeks after the operation, the arterial oxygen tension under room air
conditions was significantly lower in the cavopulmonary shunt group than in the
sham group (68.2  2.2 mm Hg vs 91.1  1.9 mm Hg; P  .01). The baseline
internal diameters in the acinar and the lobular (resistance), but not the segmental
(conduit), pulmonary arteries on the anastomosed side of the cavopulmonary shunt
group were significantly larger than those of pulmonary arteries on the nonanasto-
mosed side of the cavopulmonary shunt group and the sham group. Moreover, the
pulmonary arteries on the anastomosed side of the cavopulmonary shunt group did
not respond to hypoxia, whereas those on the nonanastomosed side of the cavopul-
monary shunt and sham groups did have local internal diameter reductions in the
acinar and lobular arteries (1.1%  1.0% in the anastomosed side vs 17.7% 
3.5% in the nonanastomosed side vs 20.9%  6.1% in the sham group; P  .03).
In the morphometric studies, the internal diameter of the pulmonary artery accom-
panying the terminal bronchiole in the anastomosed side of the cavopulmonary
shunt group was significantly larger, and the ratio of medial thickness relative to the
outer diameter was smaller compared with ratios in the nonanastomosed side of the
cavopulmonary shunt group and the sham group.
Conclusions: We developed a rabbit cavopulmonary shunt model. In the anasto-
mosed side of the cavopulmonary shunt group, the peripheral pulmonary arteries,
which contributed greatly in regulating the pulmonary vascular resistance, had a
local reduction in the basal vascular tone and no hypoxic vasoconstriction 2 weeks
after the operation.
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Over the past decade, bidirectional cavo-pulmonary shunt (CPS) has become astandard staging procedure in younger in-fants and has resulted in improved out-comes of right heart bypass.1,2 However,the appearance of desaturation, which is a
symptom of pulmonary arteriovenous malformation
(PAVM), has been reported in patients who underwent
bidirectional CPS in their early infancy.3-6 PAVM is a
widely known complication that causes significant problems
in some patients after a CPS operation.7-9 With conven-
tional angiography, the PAVM is detectable as a small,
diffuse angiomatoid formation.6,9 PAVM in historical stud-
ies, however, has presented with dilated and clustered pe-
ripheral pulmonary vessels in the lung after CPS.9,10 Several
studies of echocardiography have shown an increase in the
right-to-left shunt by 60% in patients after CPS despite the
absence of clinical features of PAVM.5,6 A radionuclide
study11 among patients after CPS showed that PAVM is
regarded as a universal phenomenon. Judging from these
previous studies of PAVM,5-10 it has been shown that pul-
monary artery (PA) remodeling, such as vasodilation or the
lack of vasoconstriction, might occur after CPS.
Despite the extensive analyses of the PA after CPS, the
physiologic characteristics of the PA after CPS have not
been thoroughly investigated. In this study, to evaluate the
changes of the physiologic characteristics of the PA after
CPS, we developed a small-animal CPS model by using
rabbits. By applying a specially designed x-ray television
system,12 which is able to visualize small arteries with high
resolution, we measured the internal diameter (ID) of the
acinar, lobular (resistance), and segmental (conduit) PA.
Moreover, this study focused on the hypoxic pulmonary
vasoconstriction response, which is essential for regulating
the pulmonary vascular tone while optimizing gas exchange
in the lung by matching the rate of exchange between
ventilation and perfusion. We then analyzed the changes in
the basal tone and the hypoxia response after CPS along
each vascular level.
Methods
This protocol was approved by the Institutional Animal Care and
Use Committee of Kyoto University. All animals received humane
care in compliance with the “Guide for the Care and Use of
Laboratory Animals” prepared by the Institute of Laboratory An-
imal Resources, National Research Council, and published by the
National Academy Press, revised 1996.
Cavopulmonary Shunt
Japanese white rabbits (12 to 16 weeks of age and weighing 2.2 to
2.9 kg) were used as a CPS model. A 24-gauge intravenous
catheter was placed in a marginal ear vein for intravenous access.
Anesthesia was induced by intravenous pentobarbital sodium 25
mg/kg. The rabbits were then orally intubated and mechanically
ventilated (Harvard Apparatus Constant Volume Ventilator model
683; Harvard Apparatus Co, South Natick, Mass). Anesthesia was
maintained with 1.5% isoflurane. A warming pad was used to
prevent hypothermia. Ringer’s lactate was infused at 10 mL · kg1
· h1. After median sternotomy in a supine position, the right
superior vena cava (SVC) was extensively dissected, and all trib-
utaries of the SVC were ligated. Great care was taken not to injure
the right phrenic nerve. After heparin sodium 1 mg/kg was admin-
istered intravenously, the SVC was ligated at the junction to the
right atrium with 6-0 polypropylene sutures. After dissection of the
right PA, the SVC was anastomosed to the right PA in an end-to-
side fashion with 8-0 polypropylene sutures. Great care was taken
to prevent stenosis at the site of anastomosis, because this results
in the death of the animal. In preliminary studies, we performed
macroangiography to confirm that the anastomosed site was with-
out stenosis. The right PA was ligated proximally to the anasto-
mosed site (Figure 1). The left SVC was ligated close to the
coronary vein. After these procedures, the chest was closed with a
mediastinal drainage tube in place, and then extubation was per-
formed after the rabbits were fully awakened from anesthesia. In
rabbits in the sham group, the right SVC and right PA were
dissected and clamped for 10 minutes under heparinization, as
described previously, without making a CPS.
Pulmonary Microangiography
The rabbits were subjected to pulmonary microangiography 2
weeks after the operation. Anesthesia was induced by intravenous
pentobarbital sodium 30 mg/kg and was maintained with pento-
barbital sodium 2.5 mL · kg1 · h1. The rabbits were then orally
intubated and mechanically ventilated as described previously.
Two catheters were inserted into the right femoral artery and vein
to measure the arterial pressure and to inject drugs, respectively.
The bilateral rib cages were partially excised between the fourth
and eighth intercostal spaces, and the pleura were opened to
expose the lower lobe of each lung. A catheter, for injection of
contrast medium, was introduced from the right jugular vein into
the right PA via the CPS. Another catheter was introduced to the
left PA via the right ventricle.
The system and the experimental setup used for angiography
have been described previously in detail.12 In brief, the rabbit was
placed inside an x-ray apparatus box (Hitex, Osaka, Japan) and
fixed just above the beryllium faceplate of an x-ray–sensitive
vidicon camera (Hamamatsu Photonics, Hamamatsu, Japan). Dur-
ing a temporary cessation from the ventilation at end-expiration,
contrast medium (2.7 mL; 60% meglumine diatrizoate) was in-
jected into each PA at a constant speed (1.5 mL/s), and its passage
through the pulmonary vascular bed was recorded serially with a
videotape recorder (model PVW-2800; Sony, Tokyo, Japan).
To determine the ID of the PA, 4 serial frames of the angio-
graphic images were added and then averaged by the digital image
processor (DVS-5000; Hamamatsu). The processed image was
electrically transferred to an image hard copy unit (model UP-960;
Sony) and copied clearly onto paper. The pulmonary vascular ID
on the copy was then measured with a digitizer (model 9874A;
Hewlett-Packard, Palo Alto, Calif) connected to a minicomputer.
After the method described in our previous study,13 ID measure-
ments were made from the random selection of at least 5 branches
of each vascular site, which were classified into 3 vascular groups
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(ie, acinar-, lobular-, and segmental-level PAs). The mean values
of the ID were then obtained in each group.
The ID response to hypoxia was examined. The pretreatment
angiography was performed, and then hexamethonium bromide 8
mg/kg (Sigma Chemical Co, St Louis, Mo) and atropine sulfate 7
mg/kg (Sigma Chemical Co) were intravenously injected to sup-
press the influence of autonomic nerve activity changes during
hypoxia. After the treatment, the baseline angiogram was recorded.
There were no significant differences in IDs between pretreatment
and baseline angiograms. Thereafter, rabbits were ventilated with
8% oxygen for 3 minutes, and the angiogram was recorded at the
end of hypoxic ventilation. Hemodynamic data were also mea-
sured before and during hypoxia.
Histologic Evaluation of the Lung
After the angiography, rabbits were killed with an overdose of
pentobarbital sodium. Paraformaldehyde 4% was infused through
the tracheal tube at a pressure of 20 cm H2O. After the fixation,
both lungs were excised and immersed in 4% paraformaldehyde at
least 24 hours. A block of the lower lobe, which corresponds to the
site of microangiography, was cut out from each lung. These
blocks were embedded in paraffin, and 4-m slices were subjected
to hematoxylin-eosin and elastica van Gieson stains. The sliced
lungs were then examined by a light microscope, which was
connected to a computer-assisted image analysis system (VIP-
21CH color video image processor; Ikegami, Kawasaki, Japan). In
each slice, 10 randomly selected cross-sectioned resistance arteries
accompanying terminal bronchioles were identified. The circum-
ference of the internal elastic lamina was measured and divided by
 to determine the ID of the arteries. The medial thickness (MT)
of the arteries was determined by the average of the MT in each
quarter slice of artery. The ratio of MT to the outer diameter of the
artery was determined as follows: 2MT/(2MT  ID). The mean
values of each parameter were used for comparison.
Statistical Methods
All values are expressed as a mean  SE. The Mann-Whitney U
test was used to compare among 3 groups: the right (anastomosed)
side and the left (nonanastomosed) side of the CPS group and the
sham group. The Wilcoxon signed-rank test was assigned to study
the responses from each group to compare those with and without
hypoxia.
Results
Blood Gas Analysis
Table 1 represents the results of blood gas analysis at 2
weeks after operation. Before we collected the blood sam-
ples, we confirmed normal movements of the bilateral dia-
phragm and no massive atelectasis or pleural effusion af-
fected blood gas exchange by thoracoscopy. The oxygen
tension of the arterial blood for the CPS group was signif-
icantly lower than that of the sham group (68.2  2.2 mm
Hg vs 91.1  1.9 mm Hg; P  .01).
Hemodynamic Data
The mean left PA pressure (PAP), mean right PAP via CPS,
and mean systemic arterial pressure under baseline and
hypoxic conditions are summarized in Table 2. The mean
left PAP of both groups increased in response to hypoxia
(sham group: 3.5 mm Hg, P  .04; CPS group: 3.0 mm Hg,
P  .06). In contrast, the mean right PAP of the CPS group
remained at the baseline level.
Arteriogram From Both Lungs of CPS and Sham
Rabbits
Figure 2 shows typical arteriograms before (Figure 2, A and
B) and during (Figure 2, C and D) hypoxia from the lung of
Figure 1. Operative schema after cavopulmonary anastomosis of the right superior vena cava to the right
pulmonary artery and ligation of the right pulmonary artery proximally to the site of cavopulmonary anastomosis.
Ao, Aorta; RV, right ventricle; RA, right atrium; SVC, superior vena cava.
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the anastomosed side of the CPS group and the sham group.
In the anastomosed side of the CPS group (Figure 2, A), the
baseline IDs increased (particularly in the lobular and acinar
levels) when compared with those for the sham group
(Figure 2, B). In the sham group (Figure 2, D), the IDs of the
lobular- and the acinar-level PAs, but not the segmental-
level PAs, decreased in response to hypoxia. The IDs of the
anastomosed side of the CPS group exhibited no hypoxic
change in any level of the arteries (Figure 2, C).
The mean IDs of the PA were compared among the
anastomosed and nonanastomosed sides of the CPS group
and the sham group, as shown in Figure 3. The IDs of the
lobular- and acinar-level PAs of the anastomosed side of the
CPS group were significantly larger than those of the non-
anastomosed side and the sham group. Among these 3 lungs
in the segmental level PAs, however, there were no signif-
icant differences; this means that the local baseline ID
increased in the lobular and acinar levels of the anasto-
mosed side of the CPS group.
Figure 4 shows the mean value of percentage ID changes
in response to 8% oxygen inhalation in the bilateral lungs of
the CPS group and the sham group. In the nonanastomosed
side of the CPS group and the sham group, the ID of
lobular- and acinar-level, but not segmental-level, arteries
was significantly reduced in response to hypoxia. In con-
trast, such a hypoxic response did not occur in any of the
arterial levels of the anastomosed side of the CPS group.
Morphometric Measurement
Figure 5 shows the typical resistance vessels accompanying
the end of the terminal bronchiole in bilateral lungs of the
CPS group and the sham group. The results of the morpho-
metric measurements are summarized in Table 3. The ID
was larger in the anastomosed side of the CPS group when
compared with the nonanastomosed side of the CPS group
and the sham group. These results were consistent with the
findings of the microangiogram. In the sham group, there
was no significant difference between bilateral lungs (data
not shown). The MT of resistance arteries in the anasto-
mosed side of the CPS group was thinner than in the sham
group and in the nonanastomosed side of the CPS group.
Discussion
Using our x-ray television system12 on the rabbit CPS
model in vivo, we have shown dilatation of the acinar and
lobular (resistance) arteries in the anastomosed side of the
CPS group under baseline conditions. In contrast, the seg-
mental arteries remained unchanged. In terms of clinical
angiography, ID changes in the peripheral resistance arter-
ies, however, could not be measured quantitatively because
of the resolution limitation. In this study, we clearly dem-
onstrated the local dilatation of the acinar- and lobular-level
arteries in the CPS group.
Our morphometric study showed consistent results that
the peripheral pulmonary resistance arteries accompanying
the terminal bronchiole had dilated, and the media illus-
trated that these arteries had become thin. Among patients
with PAVM after CPS, similar histologic findings have
been reported.9,10 Although our model did not show the
development of PAVM, our data do support these previous
findings9,10 with respect to the presence of pulmonary va-
sodilatation after a CPS operation.
We previously reported that alveolar hypoxia, per se,
induced vasoconstriction (namely, within the resistance PAs
through an intrinsic pulmonary mechanism13 of the cat) and
that this locally induced hypoxic response was modulated
by neural reflex effects during a global alveolar hypoxic
event.14,15 Moreover, we have shown that the PA constric-
tion during a vagus nerve stimulation was diminished by
hexamethonium bromide or atropine sulfate in the rabbit 16
and that the pulmonary sympathetic nerve activity disap-
peared with injection of hexamethonium bromide in the
cat.15 Because this study focused on hypoxic pulmonary
vasoconstriction, we also simultaneously administered
hexamethonium bromide and atropine sulfate to suppress
the secondary influence of the neural reflex changes before
exposing global hypoxia. Under these pretreated conditions,
global hypoxia selectively constricted the resistance PAs in
the nonanastomosed side of the CPS group and the sham
TABLE 2. Hemodynamic data
Variable Left PAP (mm Hg) SAP (mm Hg) Right PAP (mm Hg)
Sham (n  4)
Baseline 16.5 1.6 72 4 Not determined
Hypoxia 20.0 1.4* 70 4 Not determined
CPS (n  5)
Baseline 19.0 1.3 76 10 8.0 0.3
Hypoxia 22.0 1.3 73 8 8.0 0.3
PAP, Mean pulmonary artery pressure; SAP, mean systemic artery pres-
sure; CPS, cavopulmonary shunt. Values are a mean  SE.
*Significant difference (P  .05) from baseline.
TABLE 1. Characterization of postoperative cavopulmonary
shunt model
Variable Sham CPS
n 4 5
Body weight (kg) 2.6 0.1 2.7 0.1
Arterial blood gases
pH 7.37 0.02 7.39 0.02
PCO2 35.3 1.0 39.1 1.3*
PO2 91.1 1.9 68.2 2.2†
CPS, Cavopulmonary shunt; PO2 and PCO2, oxygen tension and carbon
dioxide tension of arterial blood, respectively. Values are mean  SE.
*P  .03; significant difference from sham.
†P  .01; significant difference from sham.
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group (Figures 2 and 3); this is consistent with the site of the
locally induced hypoxic vasoconstriction.13
This study showed that no hypoxic response of resistance
arteries was induced in the anastomosed side of the CPS
group, which had nonpulsatile flow, and no blood from the
inferior vena cava was shown. It is generally agreed that
under hypoxia, resistance arteries induce an increase in flow
resistance within the hypoxic lung.17,18 Even if the lung
were perfused with an acute nonpulsatile constant flow, the
pressure response to hypoxia would remain unchanged.19
Because hypoxic vasoconstriction did occur in the nonan-
astomosed side that was perfused with inferior vena cava
blood, in turn, unresponsiveness to hypoxia might be due to
the lack of inferior vena cava blood. It is interesting to note
that pulmonary circulatory abnormalities in the rat model
with liver dysfunction were manifested by the vasodilation
of the peripheral pulmonary vessels and blunted hypoxic
vasoconstriction.20 Such abnormalities in the pulmonary
vessel properties are very similar to the present data ob-
tained in the anastomosed side of the CPS group. Although
we could not find the cause of the disappearance of the
response, this is still the first report that no hypoxic response
in the resistance arteries was induced after CPS.
Although the fundamental mechanism of hypoxic pul-
monary vasoconstriction is not clearly defined, it is an
intrinsic property of the PA smooth muscle cell itself. It has
also been shown that isolated PAs need pretone induced by
some vasoactive agents to constrict in response to hypox-
ia.21 Malhotra and colleagues22 have reported a reduction of
angiotensin-converting enzyme in the lung and a decrease
of circulating levels of angiotensin II after CPS. Moreover,
in the rat liver cirrhosis model, which has blunted hypoxic
pulmonary vasoconstriction, the reduction of endothelin-1
in the lung has been documented.23 Although we could not
measure angiotensin II and endothelin-1 in our study, the
change of these vasoactive agents in the lung might con-
tribute to the lack of hypoxic response and resistance PA
vasodilation. Further study is needed to evaluate this mech-
anism.
Arterial oxygen pressure in the CPS animals, without
confirming obvious development of PAVM, was signifi-
cantly lower than in the sham animals. We confirmed that
there was no existence of massive atelectasis in the lung or
abnormal movement of the diaphragm, and the following
factors may explain this mechanism. The first factor is the
abnormal dilatation of the peripheral resistance arteries. It
Figure 2. Typical angiograms of small pulmonary arteries before and during hypoxia (8% oxygen). Left (A and C):
the anastomosed side of the CPS group. Right (B and D): sham. Top (A and B): before hypoxia. Bottom (C and D):
during hypoxia. In the sham group, lobular-level (arrow) and acinar-level (triangle) arteries constricted in response
to hypoxia, but larger arteries did not (arrowhead). In the anastomosed side of the CPS group, no level of arteries
responded. Black bar indicates 1000 m.
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has been shown that the nonpulsatile passive return of blood
to the lungs after a CPS causes more dominant flow into the
lower lobes,24 making a mismatch between ventilation and
perfusion. Furthermore, abnormal vasodilatation without
hypoxic pulmonary vasoconstriction may further enhance
this mismatch. In a long-term study in a goat model, with a
nonpulsatile pulmonary perfusion operated by a centrifugal
pump, the blood distribution in the pulmonary circulation
and the blood gas contents did not change.25 The lack of
hepatic venous blood might be a contributing factor in the
Figure 3. Comparison of internal diameter under baseline conditions among sham group lungs and the right
(anastomosed) lungs and left (nonanastomosed) lungs of the CPS group. The baseline internal diameter of the
anastomosed-side lung was larger than those of other lungs in lobular- and acinar-level arteries, but not larger
than in segment-level arteries. Black bar (n  5): the anastomosed side of the CPS group. Hatched bar (n  5): the
nonanastomosed side of the CPS group. White bar (n  4): sham group. N.S., Not significant.
Figure 4. Comparison of percentage changes in ID in response to hypoxia (8% oxygen) among left (nonanasto-
mosed) and right (anastomosed) lungs of the CPA and sham group lungs. Hypoxic ID reduction was not induced
in the anastomosed lung but did occur in other lungs. Black bar (n  5): the anastomosed side of the CPA group.
Hatched bar (n  5): the nonanastomosed side of the CPS group. White bar (n  4): sham group. N.S., Not
significant.
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maldistribution of pulmonary blood flow rather than a lack
of pulsatility, as a result. Another possible factor might be
the lack of hypoxic pulmonary vasoconstriction in the pe-
ripheral resistance arteries under CPS. If the latter possibil-
ity were to occur, it could actually aggravate the mismatch
between ventilation and perfusion. It is not yet known
whether the vascular tone could become abnormal even
under normoxic conditions, and further study is necessary to
investigate the influence of flow pulsatility to the pulmonary
circulation.
In terms of anesthetic drugs, we used pentobarbital so-
dium, which has an effect on vasodilation, for the induction
of anesthesia in both groups. However, we can disregard the
effect of this drug because the difference in IDs between the
anastomosed side and the nonanastomosed side was evi-
dent. Because the life span of rabbits is different from that
of humans, the changes in the time course of pulmonary
vascular tone regulation after a CPS operation in rabbits
may not correspond to those of humans. Likewise, in terms
of progress in the time course of vascular remodeling, there
might be a difference between these 2 species. It might be
necessary to further study the changes in the structure and
function of the pulmonary vasculature during the earlier and
later stages of the rabbit CPS model. Another limitation is
that clear angiograms of the pulmonary veins could not be
obtained in the CPS lung. This is because the blood-flow
velocity in the abnormally dilated arteries was very slow. In
terms of histologic study, the lungs were not perfusion-fixed
at a standard pressure. Therefore, it is difficult to compare
differences in PA wall thickness and muscular development
between animals.
In conclusion, we developed a new small-animal CPS
model by using rabbits for this study. Our findings showed
that the lobular-level and the acinar-level resistance arteries
were abnormally dilated and had no hypoxic vasoconstric-
tion within 2 weeks after a CPS operation was performed.
This model, as a result, will enable us to evaluate the
changes in the time course of the pulmonary vascular char-
acteristics after the CPS operation.
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